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Abstract. 

We discuss the regularization of codimension-2 singularities in warped six-dimensional 
Einstein-Maxwell axisymmetric models by replacing them by codimension-1 branes of a ring 
form, situated around the axis of symmetry. Further we consider the case of one capped 
regularized conical brane of codimension one and study the cosmological evolution which is 
induced on it as it moves in between the known static bulk and cap solutions. We present 
the resulting brane Friedmann equation which gives a dominant five- dimensional energy 
density term at high energies and a term linear to the energy density at low energies with, 
however, negative coefficient in the small four-brane radius limit (i.e., with negative effective 
Newton's constant). 



1. Introduction 

Cosmology in theories with branes embedded in extra dimensions has been the subject of 
intense investigation during the last years. The most detailed analysis has been done for 
braneworld models in five-dimensional space [1]. The effect of the extra dimension can modify 
the cosmological evolution, depending on the model, both at early and late times. The 
cosmology of this and other related models with one transverse to the brane extra dimension 
(codimension-1 brane models) is well understood [2, 3, 4, 5, 6, 7, 8] (for a review see [9]). 

Braneworld models can also be extended in higher than five-dimensions. We can consider 
a (n -|- 1) brane embedded in {n -\- 2) spacetime (codimension-1 models) or a (3 -|- 1) brane 
embedded in (n -|- 1) spacetime (codimension-n — 3 models). Six or higher-dimensional 
braneworld models of codimension-1 are considered as generalizations of the Randall-Sundrum 
model [10]. 

Six-dimensional brane world models are rather interesting to be studied for a number of 
reasons. Firstly the large (sub-millimeter) extra dimensions proposal for the resolution of 



the electroweak hierarchy problem was provided [11] in the framework of brane theories with 
two extra transverse dimensions. Therefore the study of extra dimensional theories, and 
string theory in particular, become relevant to low energy phenomenology (colliders as well 
as astrophysical and cosmological observations) and is testable in the very near future. The 
different possibilities of realizing a brane world model in six dimensions must therefore be 
studied to allow for a comparison with experiment. 

Another attractive motivation has been the proposal to ameliorate the cosmological 
constant problem, using codimension-2 brancs (for a recent review on the subject see [12]). 
These branes have the interesting property that their vacuum energy instead of curving their 
world- volume, just introduces a deficit angle in the local geometry [13]. Models with this 
property which exhibit no fine-tuning between the brane and bulk quantities have been known 
as self-tuning (for early attempts to find similar models in five dimensions see [14]). Such self- 
tuning models with flux compactification [15, 16] have been extensively looked, but the flux 
quantization condition always introduces a fine tuning [17], unless one allows for singularities 
more severe than conical [18]. Alternative sigma-model compactifications have been shown to 
satisfy the self-tuning requirements [19]. However, the successful resolution of the cosmological 
constant problem would also require that there are no fine-tuning between bulk parameters 
themselves. No such self-tuning model has been found yet with all these properties. 

A further motivation in studying such models with codimension-2 branes is that gravity on 
them is purely understood. The introduction of matter (i.e., anything different from vacuum 
energy) on them, immediately introduces malicious non-conical singularities [20] . A way out 
of this problem is to complicate the gravity dynamics by adding a Gauss-Bonnet term in 
the bulk or an induced curvature term on the brane, in which case the singularity structure 
of the theory is altered and non-trivial matter is allowed [21]. However, the components of 
the energy-momentum tensor of the brane and the bulk are tuned artificially and the brane 
matter is rather restricted [22]. Alternatively, one can regularize the codimension-2 branes 
by introducing some thickness and then consider matter on them [23]. For example, one can 
mimic the brane by a six-dimensional vortex (as e.g., in [24]), a procedure which becomes a 
rather difficult task if matter is added on it. 

Even thought we do not fully understand black hole solutions in codimension-2 braneworlds 
they have been extensively discussed in [25, 26, 27, 33]. Lately a six-dimensional black hole 
localized on a 3-brane of codimension-2 [26, 27] was proposed. However, it is not clear how 
to realize these solutions in the thin brane limit where high curvature terms are needed to 
accommodate matter on the brane. The localization of a black hole on the brane and its 
extension to the bulk is a difficult task. In codimension-1 braneworlds the first attempt was 
to consider the Schwarzschild metric and study its black string extension into the bulk [28]. 
which is unfortunately unstable to classical linear perturbations [29]. Since then, several 
authors have attempted to find the full metric using numerical techniques [30]. Analytically, 
the brane metric equations of motion were considered with the only bulk input coming from 
the projection of the Weyl tensor [31] onto the brane. Since this system is not closed because 
it contains an unknown bulk dependent term, assumptions have to be made either in the 
form of the metric or on the Weyl term [32]. In codimension-2 braneworlds, recently black 
holes on a thin conical brane and their extension into a five and six-dimensional bulk with a 
Gauss-Bonnet term were found [33]. 

Moreover we are still lacking an understanding of time dependent cosmological solutions 
in codimension-2 braneworlds. To have a cosmological evolution we need regularized branes, 
the brane world- volume should be expanding and in general the bulk space should also evolve 



in time. This is a formidable task, so we follow an alternative approach [34, 35]. ^ 

First for our setup we consider another way of regularization which was recently proposed 
and consists merely of the reduction of codimensionality of the brane. In this approach, the 
bulk around the codimension-2 brane is cut close to the conical tip and it is replaced by a 
codimcnsion-1 brane which is capped by appropriate bulk sections [37] (see [38] for a similar 
regularization of cosmic strings in flat spacetime). This regularization has been applied to 
flux compactification systems in six dimensions for unwarped "rugby-ball" -like solutions in 
[37] . The case of warped solutions with conical branes (with or without supersymmetry) [39] 
and even more general warped solutions allowing non-conical branes [40] have been studied. 
More precisely we consider the case of one capped regularized conical brane of codimension 
one and give the static bulk and cap solutions. 

Then we study the motion of the regularized codimension-1 brane in the space between 
the bulk and the brane-cap which remains static (see e.g., [41]). In this way, a cosmological 
evolution will be induced on the brane in a similar way as in the mirage cosmology [42] , but 
with the inclusion of the back-reaction of the brane energy density (i.e., the brane is not 
considered merely a probe one). Since in the mirage cosmology, the four-dimensional scale 
factor descends from the warp factor in the four-dimensional part of the bulk metric, we will 
discuss the regularized brane in the case of warped bulk [39] , rather than unwarped bulk [37] . 
It is worth noting that the above procedure provided in five dimensions the most general 
isotropic brane cosmological solutions [3]. 

We find the Priedmann equation on the brane by solving the Israel junction conditions, 
which play the role of the equations of motion of the codimension-1 brane. We find that at 
early times cosmology is dominated by an energy density term proportional to p^, like in the 
Rundall-Sundrum model in five dimensions. However, at late times where the brane moves 
close to its equilibrium point, which in turn is close to the would-be conical singularity, the 
coefficient of the linear to the energy density term is negative {i.e., we obtain negative effective 
Newton's constant). Thus, we cannot recover the standard four dimensional cosmology at late 
times. This seems to be the consequence of considering the bulk sections static. It is possible, 
that this behaviour is due to a ghost mode appearing among the perturbations of the system, 
after imposing the staticity of the bulk sections. Furthermore, the above result points out 
that there is a difference between the six-dimensional brane cosmology in comparison to the 
five-dimensional one. The study of brane cosmology in Einstein gravity in five dimensions, 
can be made either in a gauge where the bulk is time-dependent and the brane lies at a fixed 
position, or in a gauge where the bulk is static and the brane movement into the bulk induces 
a cosmological evolution on it [43]. This, however, does not seem to hold in six-dimensions 
anymore. 

The talk is organized as follows. In Sec. 2 we present the static regularized brane solution 
in a bulk of general warping. In Sec. 3 we derive the equations of motion of the codimension-1 
brane and in Sec. 4 we study the induced cosmological evolution on the moving brane. Finally 
in Sec. 5 we draw our conclusions. 

2. Regularized static brane solutions 

In this section we will briefly give the necessary results of the static solution which we will 
need in the following for the brane motion. The bulk theory that we use is a six-dimensional 

^ Recently, some works have studied the cosmological evolution of codimension-1 or 2 branes in six dimensional 
models [36] 
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Figure 1. The internal space 
where the upper codimension-2 
singularity has been regularized 
with the introduction of a ring-like 
codimension-1 brane. The parame- 
ters of the action and the solution 
are denoted in the appropriate part 
of the internal space. 



Einstein-Maxwell system which in the presence of a positive cosmological constant and a gauge 
flux, spontaneously compactifies the internal space [44]. The known axisymmetric solutions 
have in general two codimension-2 singularities at the poles of a deformed sphere [45]. We 
study the case where only one {e.g., the upper) codimension-2 brane is regularized by the 
introduction of a ring-like brane at r = rc with an appropriate cap. The dynamics of the 
system is given by the following action 



S= I (fx^[^R-K-\T''^- f d'xV^(x + 4{Di.(Tf]- I d'x./^T, (1) 
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where M is the six-dimensional fundamental Planck mass, Aj are the bulk {i = 0) and cap 
(i = c) cosmological constants, J^mn the gauge field strength, T the tension of the lower 
codimension-2 brane, A the 4-brane tension, a the 4-brane Goldstone scalar field necessary 
for the regularization and v the vev of the Higgs field from which the Goldstone field originates. 
For the coupling between the Goldstone field and the bulk gauge field we use the notation 
Djxa = djxa — e ajx, with = AudjiX^^ the pullback of the gauge field on the ring-like brane 
and e its coupling to the scalar field. In the above action we omitted the Gibbons-Hawking 
term. The configuration is shown in more detail in Fig.l. 

The solution for the bulk and cap regions depends on a parameter a which is a measure 
of the warping of the space (for a = 1 we obtain the unwarped case) and is given by [39] 



dsl = z^Tj^^dz'^dx" + Rf 



— +cj dip 



(2) 
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= -CiR,M'S • ^ , (3) 



with Rf = M /(2Aj) and the following bulk functions 



z{r) = l[(l-a)r + (! + «)] (4) 



with S{a) = Y f ■ The range of the internal space coordinates is — 1 < r < 1 and 

Q < if < 2tt. Taking into account that in the hmit r — ±1, it is / — 2(1 ^ r)X± with the 
constants X± given by 

+ ~ 20(l-a)(l-a3) ' - - 20a4(l -«)(!- ^3) ' 

the cap is smooth at r = +1 as long as is Cc = 1/-^+- Furthermore, the metric is continuous 

if coi?o = CcRc, which gives Rc = P+Rq with /3+ = X^cq ^ . The conical singularity at r = — 1 
is supported by a codimension-2 brane with tension 

T = 2ttM'^{1 - coX_) (7) 

while the parameters of the 4-brane A, v are fixed by the radii Rq, Rc and the brane position 
Tc [39]. Finally, the gauge field is quantized as 

2cQRoM^e Y = N , N eZ , (8) 

with Y = 3^a(|°^^-| S and the brane scalar field has solution a = nip with n G Z. The two 
quantum numbers n, are related through the junction conditions as 



N 

n 
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(9) 



Since the quantities n, N arc integers, the above relation imposes a restriction to the values of 
the admissible warpings a, which implies that static solutions are consistent only for discrete 
values of the warping a. 



3. The cosmological dynamics of the 4-brane 

To study the cosmological evolution on the brane we include matter on it which in general 
makes both the brane and the bulk to evolve in time. Unfortunately we do not know any 
time dependent solution for such setup. Therefore we will approach the problem in a simplest 
way, by making the approximation that the bulk remains static and that the brane matter 
merely makes the brane to move between the static bulk and the static cup, away from its 
equilibrium point r = rc, thus obtaining cosmology on the brane, as in the mirage cosmology 
approach [42]. This is to be regarded as a first step towards understanding the generic brane 
cosmological evolution. In our case the brane is not merely a probe brane and we will use 
the junction conditions to derive the induced cosmology, thus taking into account the back- 
reaction of the brane energy density. 

Firstly, to embed the brane in the static bulk, let us take the brane coordinates be 
o"'^ = {a,x^,cp). [The brane-time coordinate a is not to be confused with the Goldstone 
field a which will not appear in our subsequent analysis.] Then the brane embedding X'^ in 
the bulk is taken for both sections to be 

X' = x' , X'' = TZ{a) and X"^ = ^ , (10) 



^ In this brief presentation of the background, we have taken ^ = 1 in comparison with [39]. The physical 
quantities, however, are ^-independent and depend only on /?+. 



while for the time coordinate embedding we choose for the outer bulk section 



= ^ > (11) 



(out) 

and for the inner cap section 

The continuity of the induced metric 7^j> = gMNdj^X^ dcX^ , apart from the relation 
cqRq = CcRc as in the static case, gives a relation of the time coordinate T in the upper cap 
region with the brane time coordinate a (dots are with respect to a) 

t'[^-Pl^^)-{^-n'§). (13, 

Then the induced metric 7/j/> on the brane reads 

dsf,^ = -z" [l - -R?^ da^ + zHx^ + clRlfd^'' . (14) 

The continuity of the gauge field, on the other hand, is guaranteed by the fact that its 
only non- vanishing component is A^p and X'^ is cr-independent. 

Secondly, we introduce an energy momentum tensor of a perfect fluid on the brane 
^^^^ = —(2/ -y/— 7+)(5S'5r/(57_|_^i/ = diag{— p, P, P, P, P) (where S^r is the brane action). We 
also consider a possible coupling of the brane matter to the bulk gauge field (consistent with 
the cosmological symmetries) by SSjyr/Sa'^ = {l,L,L,L,L). Splitting the above quantities to 
one part responsible for the static solution and another expressing the presence of matter on 
the brane, we have 



2c§i?g/(rc) 



P = ^+ c2T>2Mf\ +Pm = PO+Pm (15) 



P = o2r.2x/\ +Pm = -P0 + Pm (16) 



P = o2^2./n +Prn (17) 



I = Im (18) 
L = Lm (19) 
L = ev'^{n-eA+) + Lm (20) 

with all the other quantities vanishing and pm, Pm, Pm, ^m, L„i, L„i the matter contributions. 

In the spirit of mirage cosmology approach [42] the brane matter merely makes the brane 
to move in the static bulk. As we have already stated this movement induces cosmology on 
the brane and warping of the bulk is necessary. Therefore it is convenient to rewrite the 
metric in the form 

ds^5) = -dr^ + a^{T)dx^ + b^{T)dip^ , (21) 



with a = z{TZ{t)) and b = cqRo\/ f{Jl{T)). The brane proper time is given by 



f^ = z^[l-n^^j . (22) 

Prom now on we will assume without loss of generality that f > 0. It is evident from the 
above, that cosmological evolution from mere motion of the brane in the static bulk is possible 
only when there is warping in the bulk. In the unwarped version of this model [37], mirage 
cosmology is impossible and some bulk time-dependence is compulsory. 
The Hubble parameters for the two scale factors are given by 

H ^--= ^ (23) 

adr ^2 0^-—^' 

and 

= = ^ (OA) 

'-bdr 2fz^^Z^- ^ ^ 

Then the ratio of Ha and Hf, gives a precise relation between them for our particular model. 
It is given by 

= 0^Ha , (25) 

and wc notice that since in the model we study it is always /' < 0, in the neighborhood of 
r = 1, the two Hubble parameters have opposite sign. This means that if the four dimensional 
space expands, the internal space shrinks. 

Apart from the continuity conditions we have to take into account the junction conditions 
for the derivatives of the metric and the gauge field, which read 

= ~^,t%\ (26) 
{nM^V.X^} = (27) 

We denote {H} = + H°^* the sum of the quantity H from each side of each brane. The 

extrinsic curvatures arc constructed using the normal to the brane um which points inwards 
to the corresponding part of the bulk each time (we use the conventions of [46]). ^. 

So far we have 6 parameters: p, P, P,l, L, L and with the use of the continuity relations 
of the induced metric, cq-Rq = CcRc and (13), the (t) and (i) components of the junction 
conditions for the gauge field give for the coupling: I = L = 0, the (99) component of the 
gauge field junction and the {(p(p) component of the metric junction determine P and L. 
Finally the two remaining metric junction conditions {(aa) and (ij) components) give the 
Friedmann equation and the acceleration equation respectively. 

The obtained Friedmann equation is 



1 2 M8C2(1-/?2)2 1 



^ The left hand sides of the above equations are computed in detail in the Appendix A of [34] 



where A 



^2 C = -/f (^^^ + 2f) ^ both evaluated on the brane. It has unconventional 
dependence on the energy density, in particular the inverse square dependence is known to 
occur for motions in backgrounds of asymmetrical warping [47]. 

The equilibrium point rc of the system is found if we set Ha = 0, which gives the brane 
energy density without matter 



Po 



RoP+ 



(1-/3+) , 



(29) 



where Cc is the value of C at rc and is the same appearing in (15). The behaviour of the 
function C is that, as r — ^ — 1 it limits to C — >■ oo and monotonically decreases and limits 
to C ^ — oo as r ^ 1. On the other hand A, is always positive with ^ — oo as r — > ±1, 
and 0(1) in the intermediate region. In the unwarped limit a — > 1 the Priedmann equation 
becomes as expected trivial, i.e., Ha = 0. 

Before studying various limits of the above equation, let us define the effective four 
dimensional matter energy density pl^ by averaging over the azimuthal direction (we assume 
that pm is independent of if) 



27r^ 



(30) 



with similar definitions for the other 4-brane quantities. 

Let us suppose now that initially —1 <C Tlicy) < Tc < 1, with 1 — rc ^ 1. The goal is to 
find how Tl^a) behaves. To recover a four-dimensional Priedmann equation at late times we 
can assume that the brane energy density is small in comparison with the static case energy 

density, i.e. 

dimensional form of the Friedmann equation 



Pn} <^ Po, SO we can expand (28) in powers of pl^ and obtain the following four 



Hi 



Stt 



^Ge//pW+A(a) + 0(pW ^), 



(31) 



where the effective Newton's constant is 



G. 



eff 



3X+CJI - [3^ 



/1 + /3-+ 



1-/3+ 



(32) 



The quantity A (a) depends on the parameters of the bulk and plays the role of the the mirage 
matter induced on the brane from the bulk and it is given by 



A(a) 



mlPlA 



cl fl + fi 



1-13+ 



. 1 + /?^ 
'(1-/3+)^ 



(33) 



The behaviour of Ge// as a function of Tl^a) is given in Fig. 2 and has the following 
important features: At the points where the geometry becomes conical (r — ±1) the effective 
Newton's constant is negative and diverging. In between, there is a point r^, with 



3(1 -qS) 
8(1 - a3) 



1/5 



(34) 




Figure 2. The generic form of tlie 
effective Newton's constant Geff as 
a function of the brane position 
TZ{a). As the brane approaches 
the equihbrium point rc, we always 
have Geff < 0. Additionahy, Geff 
diverges as r — > ±1 and at one point 
rd in between. 




Figure 3. The generic form of the 
mirage matter contribution A as a 
function of the brane position TZ{a). 
At the static equihbrium point rc it 
vanishes and at it diverges. 



which is a root of C and Geff diverges to +oo. At this point the matter energy density is 
bound to vanish. It is important to note that even in the region where Geff is positive, there 
is always a strong time variation of Geff, which for 

' '^^'^'-HJ, (35) 



Ge f f dr 



'eff 

has 5 > 0(10), in contradiction with observations [48] which dictate that 6 < 0.1. But even 
more important is the fact that close to the static equilibrium point, where the cosmology is 
supposed to mimic best the one of a codimension-2 brane, we get negative Newton's constant 

3X 

^'"^"^ = = 8.-RlP^il-pl)M^ACcVf ^ ' ' ^''^ 

since we have that for any value of the parameters and for rc in the neighborhood of r = +1, 
it is Cc < 0. 

Let us also look at the mirage matter contribution A, which is depicted in Fig. 3. As 
expected, it vanishes for the static equilibrium point rc, it is finite at the boundaries r = ±1 
and diverges at the root r^ of C. Again there is no region in the brane position interval where 
the contribution of A is constant enough to resemble a cosmological constant contribution to 
the four dimensional Friedmann equation. 

This result is not altered by supersymmetrizing the model [16]. The bulk and cap solutions 
are different from the non-supersymmetric case due to the presence of the dilaton. However, 



the only difference in the Friedmann is a redefinition of the quantities A and C. In the 
supersymmetric case, these quantities read 

Asusy = and Csusy = \fl + ^ ■ (37) 

It is easy to see again that the effective Newton's constant is negative for the motion near 

the would-bc conical tip and that even away from that point, it is very strongly varying. 

On the opposite limit, that the matter energy density is much larger than the static case 
energy density, i.e., ^ po, we get the expected asymptotics 

^" = 4M¥M ' ^^^^ 

which is a five-dimensional Friedmann law (with time-varying five-dimensional Newton's 
constant) at early times. 

Taking under consideration the difficulties of the model to give a Fiedmann equation 
with the correct sign of Ge//) we will not proceed with the presentation of the analysis 
of the acceleration equation. With this equation, one finds even more difficulties towards 
obtaining a realistic four-dimensional evolution. For example, in the low energy limit, one 
gets a coefficient of the linear energy density term, which is not related to the Gg//, that 
we obtained from the Friedmann equation, in the way it does in standard four-dimensional 
General Relativity. 

This pathological features of the low energy density limit, where the expansion does not 
appear to have an effective four-dimensional limit, can find a potential explanation when 
looking at the energy continuity equation on the brane. Taking the covariant divergence of the 
Israel junction condition (26), together with the Codazzi equation v'^f^ = GxAn^h^d^X^ 
and the bulk Einstein equation, we arrive at the following simple equation [46] 

^(4)^A ibr) ^ _{Tlf2h§n^d,X''} . (39) 

Because of the jump of the bulk energy momentum tensor across the 4-brane, the energy- 
momentum tensor on the 4-brane is not conserved. This is a usual feature of moving brane 
cosmologies in asymmetrically warped backgrounds [49] . In more detail, the form of the above 
equation for the particular model is given by 

| + 3(. + m.+ (. + P)^i^„ = -^, (40) 

where in the right hand side we have used the Friedmann equation (28) . In a straightforward 
but lengthy calculation, one can see that the latter equation can be derived from the {era), {ij) 
and [ip^) components of the junction conditions of (26). The problems in the four-dimensional 
limit, that we faced previously, can be traced to large energy dissipation off the brane as well 
as a large work done during the contraction of the ring-brane. 



4. Conclusions 

In the present presentation we made a first step towards the study of the cosmology of 
a codimension-2 brane. We regularized the codimension-2 singularities by the method of 



lowering its codimensionality. We cut the space close to the conical tip and replaced it by 
a ring brane with an appropriate cap. Unfortunately we do not know any time dependent 
solution for such setup. Therefore we will approach the problem in a simplest way, we assumed 
that the bulk and the cap remain static as the brane moves between them. The motion of 
the brane then induces a cosmological evolution for the matter on the brane. The junction 
conditions provide the Friedmann and acceleration equations on the brane. 

Prom the Friedmann equation we can see that we cannot recover standard cosmological 
evolution of the brane at low energies. The effective Newton's constant is negative in the 
interesting limit that the brane approaches its equilibrium point, close to the would-be conical 
singularity. In other words, we obtain antigravity in this limit. Even away from this point, 
i.e., when the brane moves away from its equilibrium point, the Newton's constant varies 
significantly in contradiction with standard cosmology. At one position of the internal space, 
the Newton's constant even diverges and forces the matter energy density to vanish. Taking 
all the above into account, we did not present the further analysis of the system by considering 
the acceleration equation. 

The reason for this unconventional cosmological evolution, is the use of the specific 
restricted ansatz for the solution of the system's equation of motion. The staticity of the 
bulk was proved to be an oversimplification. We imagine that this restriction on the system 
may result to the appearance of some scalar mode in the perturbative analysis of [50], which 
for a certain region of the brane motion (close to the pole of the internal manifold) is ghost- 
like. This mode may then be responsible for the negative effective Newton's constant. The 
unrestricted perturbative analysis in [50] resulted in a linearized four-dimensional Einstein 
equation for distances larger than the compactification scale. The same happened in [37] 
in the unwarped model perturbation analysis^ (see [51] for a related analysis with a brane 
induced gravity term), even though it would not have mirage evolution, as we studied it 
here, because of the absence of a warp factor. The gradient expansion technique was recently 
used in similar six dimensional models [52] to derive a low energy effective theory on the 
regularized brane and show that standard four-dimensional Einstein gravity is recovered at 
low energies. Consequently, this approach could be used in our case to derive the low energy 
effective theory [53]. The appearance of the standard four-dimensional linearized dynamics, 
shows that they are realized when the bulk is necessarily time-dependent. 

Clearly, the next step should be the study of the system in a setup where the bulk is also 
time-dependent. In that respect, brane cosmology in six dimensions seems to be different for 
the one in five dimensions. In Einstein gravity in five dimensions, one can always work in 
a gauge where the bulk is static and the brane acquires a cosmological evolution by moving 
into the bulk. However, in six dimensions there are more degrees of freedom which make 
this gauge choice not general. In the present paper, we have frozen these degrees of freedom 
hoping to find consistent cosmological solutions, but it turned out that this does not give a 
viable cosmology. There are several known time-dependent backgrounds which can be used 
to look for realistic brane cosmologies [54]. We plan to address this issue in the near future. 

Acknow^ledgment s 

This talk is based on the works done in collaboration with E. Papantonopoulos and A. 
Papazoglou. We thank the organizers of the 13th NEB Conference, held in Thessaloniki, 

* The question of stability of the regularized models was not discussed in [37, 50] and it could be that these 
compactifications have modes with negative mass squared. 



for their kind hospitality and perfect organization. This work was supported by the Hellenic 
Army Academy and the NTUA research program PEVE07. 

References 

[I] Randall L and Sundrum R 1999 Phys. Rev. Lett. 83 3370, 1999 Phys. Rev. Lett. 83 4690, Binctruy P, 

Deffayet C and Langlois D 2000 Nucl. Phys. B 565 269, Binetruy P, Deffayet C, EUwanger U and 
Langlois D 2000 Phys. Lett. B 477 285, Csaki C, Graesser M, Randall L and Terning J 2000 Phys. Rev. 
D 62 045015, Kanti P, Kogan I I, Olive K A and Pospelov M 2000 Phys. Rev. D 61 106004, Maartens 
R 2000 Phys. Rev. D 62 084023, Bowcock P, Charmousis C and Gregory R 2000 Class. Quant. Grav. 
17 4745 

[2] Kaloper N 1999 Phys. Rev. D 60 123506, Csaki C, Graesser M, Kolda C F and Terning J 1999 Phys. Lett. 
B 462 34, Cline J M, Grojean C and Servant G 1999 Phys. Rev. Lett. 83 4245, Kanti P, Kogan 1 1, Olive 
K A and Pospelov M 1999 Phys. Lett. B 468 31, Flanagan E, Tye S H H and Wasserman I 2000 Phys. 
Rev. D 62 044039, Charmousis C 2002 Class. Quant. Grav. 19 83 

[3] Kraus P 1999 JHEP 9912 Oil Ida D 2000 JHEP 0009 014 

[4] Collins H and Holdom B 2000 Phys. Rev. D 62 105009, Dvali G R, Gabadadze G and Porrati M 2000 
Phys. Lett. B 485 208, Dvali G R and Gabadadze G 2001 Phys. Rev. D 63 065007 

[5] Shtanov Y V 2000 Preprint hcp-th/0005193, Kofinas G 2001 JHEP 0108 034 Kim N J, Lcc H W and 
Myung Y S 2001 Phys. Lett. B 504 323, Deffayet C, Dvali G R and Gabadadze G 2002 Phys. Rev. D 
65 044023, 

[6] Zwiebach B 1985 Phys. Lett. B 156 315, Zumino B 1986 Phys. Rept. 137 109, Gross D J and Sloan J H 
1987 Nucl. Phys. B 291 41 

[7] Kim J E, Kyae B and Lee H M 2000 Nucl. Phys. B 582 296, 2000 Erratum-ibid. B 591 587, Charmousis 
C and Dufaux J F 2002Class. Quant. Grav. 19 4671, Mavromatos N E and Rizos J 2000 Phys. Rev. D 
62 124004, 2003 Int. J. Mod. Phys. A 18 57, 2003 Phys. Rev. D 67 024030, Gravanis E and Willison S 
2003 Phys. Lett. B 562 118, Mavromatos N E and Papantonopoulos E 2006 Phys. Rev. D 73 026001 

[8] Kofinas G, Maartens R and Papantonopoulos E 2003 JHEP 0310 066, Brown R A, Maartens R, 
Papantonopoulos E and Zamarias V 2005 JCAP 0511 008 

[9] Papantonopoulos E 2004 Preprint gr-qc/0410032, Gunther U and Zhuk A 2004 Preprint gr-qc/0410130, 
Langlois D 2004 Preprint gr-qc/0410129. Maartens R 2004 Living Rev. Rel. 7 7 

[10] Kanti P, Madden R and Olive K A 2001 Phys. Rev. D 64 044021, Arkani-Hamed N, Dimopoulos S, 
Kaloper N and March-Russell J 2000 Nucl. Phys. B 567 189 

[II] Arkani-Hamed N, Dimopoulos S and Dvali G R 1998 Phys. Lett. B 429 263 Antoniadis I, Arkani-Hamed 

N, Dimopoulos S and DvaU G R 1998 Phys. Lett. B 436 257 Arkani-Hamed N, Dimopoulos S and DvaU 

G R 1999 Phys. Rev. D 59 086004 
[12] Koyama K 2008 Gen. Rel. Grav. 40 421 
[13] Chen J W, Luty M A and Ponton E 2000 JHEP 0009 012 

[14] Arkani-Hamed N, Dimopoulos S, Kaloper N and Sundrum R 2000 Phys. Lett. B 480 193, Kachru S, 
Schulz M B and Silverstein E 2000 Phys. Rev. D 62 045021, Forste S, Lalak Z, Lavignac S and Nilles 
H P 2000 Phys. Lett. B 481 360, Forste S, Lalak Z, Lavignac S and Nilles H P 2000 JHEP 0009 034, 
Csaki C, Erlich J and Grojean C 2001 Nucl. Phys. B 604 312, Kim J E, Kyae B and Lee H M 2001 
Nucl. Phys. B 613 306, 

[15] Carroll S M and Guica M M 2003 Preprint hep-th/0302067, Navarro I 2003 JCAP 0309 004, Aghababaie 

Y, Burgess C P, Parameswaran S L and Quevedo F 2004 Nucl. Phys. B 680 389 
[16] Gibbons G W, Guven R and Pope C N 2004 Phys. Lett. B 595 498, Burgess C P, Quevedo F, Tasinato 

G and Zavala I 2004 JHEP 0411 069 
[17] Navarro I 2003 Class. Quant. Grav. 20 3603, Nilles H P, Papazoglou A and Tasinato G 2004 Nucl. Phys. 

B 677 405, Lee H M 2004 Phys. Lett. B 587 117 
[18] Burgess C P 2005 AIP Conf. Proc. 743 417, Kaloper N and Kiley D 2006 JHEP 0603 077 
[19] Kehagias A 2004 Phys. Lett. B 600 133, Randjbar-Daemi S and Rubakov V A 2004 JHEP 0410 054, 

Lee H M and Papazoglou A 2005 Nucl. Phys. B 705 152, Kehagias A and Mattheopoulou C 2008 Nucl. 

Phys. B 797 117, Bogdanos C, Kehagias A and Tamvakis K 2007 Phys. Lett. B 656 112 
[20] Cline J M, Descheneau J, Giovannini M and Vinet J 2003 JHEP 0306 048 



[21] Bostock P, Gregory R, Navarro I and Santiago J 2004 Phys. Rev. Lett. 92 221601, Charmousis C and 
Zegers R 2005 Phys. Rev. D 72 064005 

[22] Papantonopoulos E and Papazoglou A 2005 JCAP 0507 004, Kofinas G 2006 Phys. Lett. B 633 141, 
Papantonopoulos E and Papazoglou A 2005 JHEP 0509 012 

[23] Carter B, Battye R A and Uzan J P 2003 Cornmun. Math. Phys. 235 289, Kolanovic M, Porrati M and 
Rombouts J W 2003 Phys. Rev. D 68 064018, Kanno S and Soda J 2004 JCAP 0407 002, Vinot J and 
Gline J M 2004 Phys. Rev. D 70 083514, Navarro I and Santiago J 2005 JHEP 0502 007, Vinet J and 
Gline J M 2005 Phys. Rev. D 71 064011, Lee H M and Papazoglou A 2008 JHEP 0801 008 

[24] Peter P, Ringoval C and Uzan J P 2005 Phys. Rev. D 71 104018 

[25] Gharmousis G and Papazoglou A 2008 JHEP 0807 062 

[26] Kalopor N and Kilcy D 2006 JHEP 0603 077 

[27] Kiley D 2007 Phys. Rev. D 76 126002 

[28] Ghamblin A, Hawking S W and Reall H S 2000 Phys. Rev. D 61 065007 

[29] Gregory R 2000 Class. Quant. Grav. 17 L125, Gregory R and Laflainmo R 1993 Phys. Rev. Lett. 70 2837 
[30] Shiromizu T and Shibata M 2000 Phys. Rev. D 62 127502, Wiseman T 2002 Phys. Rev. D 65 124007 
[31] Shiromizu T, Maeda K I and Sasaki M 2000 Phys. Rev. D 62 024012, Maartens R 2001 Preprint gr- 
qc/0101059 

[32] Dadhich N, Maartens R, Papadopoulos P and Rezania V 2000 Phys. Lett. B 487 1, Bruni M, Germani G 
and Maartens R 2001 Phys. Rev. Lett. 87 231302, Casadio R, Fabbri A and Mazzacurati L 2002 Phys. 
Rev. D 65 084040, Kofinas G, Papantonopoulos E and Pappa I 2002 Phys. Rev. D 66 104014, Kofinas 
G, Papantonopoulos E and Zamarias V 2002 Phys. Rev. D 66 104028, Kofinas G, Papantonopoulos E 
and Zamarias V 2003 Astrophys. Space Sci. 283 685, Kanti P and Tamvakis K 2002 Phys. Rev. D 65 
084010, Ovalle J 2007 Preprint gr-qc/0703095 

[33] Guadros-Melgar B, Papantonopoulos E, Tsoukalas M and Zamarias V 2008 Phys. Rev. Lett. 100 221601 
Guadros-Melgar B, Papantonopoulos E, Tsoukalas M and Zamarias V 2009 Nucl. Phys. B 810 246 

[34] Papantonopoulos E, Papazoglou A and Zamarias V 2008 Nucl. Phys. B 797 520 

[35] Minamitsuji M and Langlois D 2007 Phys. Rev. D 76 084031 

[36] Minamitsuji M 2008 Phys. Lett. B 666 404, Gorradini O, Koyama K and Tasinato G 2008 Phys. Rev. D 

78 124002, Ghen F, Gline J M and Kanno S 2008 Phys. Rev. D 77 063531 
[37] Peloso M, Sorbo L and Tasinato G 2006 Phys. Rev. D 73 104025 
[38] Gott J R I 1985 Astrophys. J. 288 422 

[39] Papantonopoulos E, Papazoglou A and Zamarias V 2007 .JHEP 0703 002. 

[40] ToUcy A J, Burgess G P, de Rham G and Hoover D 2006 New J. Phys. 8 324, Kobayashi T and Minamitsuji 

M 2007 Phys. Rev. D 75 104013, 2007 JCAP 0707 016, Kobayashi T and Takamizu Y I 2007 Class. 

Quant. Grav. 25 015007 Fujii S, Kobayashi T and Shiromizu T 2007 Phys. Rev. D 76 104052 Lee H M 

and Papazoglou A 2008 JHEP 0801 008 
[41] Guadros-Melgar B and Papantonopoulos E 2005 Phys. Rev. D 72 064008 Papantonopoulos E 2006 Preprint 

gr-qc/0601011 
[42] Kehagias A and Kiritsis E 1999 JHEP 9911 022 

[43] Mukohyama S, Shiromizu T and Maeda K I 2000 Phys. Rev. D 62 024028, 2001 Erratum-ibid. D 63 
029901 

[44] Preund P G O and Rubin M A 1980 Phys. Lett. B 97 233, Randjbar-Daemi S, Salam A and Strathdee J 

A 1983 Nucl. Phys. B 214 491 
[45] Mukohyama S, Sendouda Y, Yoshiguchi H and Kinoshita S 2005 JCAP 0507 013, Yoshiguchi H, 

Mukohyama S, Sendouda Y and Kinoshita S 2006 JCAP 0603 018 
[46] Ghamblin H A and Reall H S 1999 Nucl. Phys. B 562 133 
[47] Ida D 2000 JHEP 0009 014 

[48] Benvenuto O G, Garcia-Berro E and Isern J 2004 Phys. Rev. D 69 082002 

[49] Battye R A, Garter B, Mennim A and Uzan J P 2001 Phys. Rev. D 64 124007, Yamauchi D and Sasaki 

M 2007 Prog. Theor. Phys. 118 245 
[50] Kobayashi T and Minamitsuji M 2007 Phys. Rev. D 75 104013 
[51] Kalopcr N and Kilcy D 2007 JHEP 0705 045 

[52] Kanno S and Soda J 2002 Phys. Rev. D 66 043526, Shiromizu T and Koyama K 2003 Phys. Rev. D 67 
084022 Puju S, Kobayashi T and Shiromizu T 2007 Phys. Rev. D 76 104052 Kobayashi T, Shiromizu T 
and de Rham G 2008 Phys. Rev. D 77 124012 



[53] Papantonopoulos E, Papazoglou A and Zamarias V Work in progress 

[54] Maeda K I and Nishino H 1985 Phys. Lett. B 154 358, Maeda K I and Nishino H 1985 Phys. Lett. B 
158 381, Tolley A J, Burgess C P, de Rham C and Hoover D 2006 New J. Phys. 8 324, Himmetoglu B 
and Peloso M 2007 Nucl. Phys. B 773 (2007) 84 Kobayashi T and Minamitsuji M 2007 JCAP 0707 016 
Copeland E J and Seto O 2007 JHEP 0708, 001 



